Introduction
The hormonal regulation of the seasonal antler cycle in female reindeer (or caribou), Rangifer tarandus, is poorly understood. The circulating concentrations of testosterone are low throughout the year in females, so it is unlikely that testosterone regulates the antler cycle, as it does in males (Leader-Williams, 1979; Ryg, 1983) . In females, the cleaning of the velvet from the antlers in autumn coincides with the onset of ovarian activity at the start of the mating season and the hard antlers are retained throughout the winter. Pregnant animals normally cast the old antlers soon after calving in spring, while non-pregnant individuals cast a few weeks earlier (Espmark, 1971; Gagnon and Barrette, 1992 (Lincoln and Tyler, 1994) . However, long-term ovari¬ ectomized females continue to develop and cast a new set of antlers each year, although the antler cycle is permanently abnormal since cleaning of the velvet occurs 1-3 months later than in intact females and is often incomplete, and the antlers tend to be readily broken in winter (Tandler and Grosz, 1913; Lincoln and Tyler, 1994) . Overall, these observations indicate that increased secretion of ovarian hormones in autumn and winter plays an important role in controlling the seasonal development of hard antlers in female reindeer. The ovarian hormone, oestradiol, is a possible candidate since the circulating concentrations of oestradiol increase in autumn coincident with cleaning of the antlers (Lincoln and Tyler, 1994) and, on the basis of studies in other ungulates (whitetailed deer: Harder and Woolf, 1976; Plotka et al, 1977;  domesticated sheep and goat: Challis and Linzell, 1971) , oestradiol secretion is likely to be increased durinĝ pregnancy, which would account for the association between the time of parturition and antler casting in reindeer.
Pharmacological doses of oestradiol induce calcification of the growing antler and cleaning of the velvet in males of other species (Goss, 1963 (Goss, , 1968 Fletcher, 1978;  Bubenik, 1990) . In (Lincoln, 1984) . (Karsch et al, 1977; Webb et al, 1985) . In (Fig. 3) .
Effect of oestradiol removal on antler casting
The oestradiol-treated ovariectomized reindeer were all in hard antler at the time the steroid implants were removed in October-November (Figs 1 and 2) (Fig. 4) . The concave pattern characteristic Fig. 4 illustrates an example).
Effect of oestradiol on antler size and branching
The antlers developed by the oestradiol-treated ovariectomized animals were significantly (P < 0.005) heavier and had a greater number of fully formed branches (points) compared with the antlers developed by the untreated ovariectomized animals, and were marginally (P < 0.05) heavier and more elaborate than antlers of the intact controls (Fig. 5 ). There were no significant differences between the treatment groups in the length and density of the hard antlers (Fig. 5) (Ryg, 1983) , as in males of other species (Goss, 1963;  Bubenik, 1990) , and the results of the present study demonstrate that the administration of oestradiol is similarly effective in female reindeer. This finding supports the view that, while the gonadal hormones are not essential for the development and replacement of the antlers in reindeer, they play a crucial role in synchronizing the antler cycle with the seasonal reproductive cycle (Lincoln and Tyler, 1994) and presumably dictate the dimorphism in antler size.
While the effects of sex steroids on the ossification and cleaning of the antler are well recognized, their stimulatory effects on antler growth and development are poorly described. In the present study, the antlers produced by the oestradiol-treated ovariectomized reindeer were almost twice as heavy and carried significantly more welldeveloped branches (points) than those produced in the years before the steroid treatment. This effect is unlikely to be due merely to the increase in age and physical size, since the ovariectomized animals were already fully physically mature before the steroid replacement was initiated, and the antlers that developed during the previous two years showed no age-dependent incremental change. The antlers produced by the ovariectomized reindeer during treatment with oestradiol were apparently physically stronger since none was broken during winter through contact with fences and during interactions with other animals, in contrast to before treatment when breakages were frequent. Overall, these observations support the view that oestradiol normally acts to promote the growth and morphological development of antlers, as well as regulating their terminal maturation.
The cellular mechanisms by which sex steroids stimulate antler growth have not been investigated, but most probably involve the induction of anabolic and proliferative effects on the bone cells and the activation of growth factors, on the basis of studies of skeletal-derived osteoblasts that express both oestrogen and androgen receptors (Barzell, 1988; Eriksen et al., 1988; Colvard et al, 1989) . Insulin-like growth factor I (IGF-I) is one candidate regulator, since IGF-I receptors are expressed in the growing tip of the antler in red deer and IGF-I may mediate the effects of growth hormone to induce the initiation of antler growth in spring (Suttie et al, 1985; Suttie and Fennessy, 1992) . In osteoblasts from other species, oestradiol induces cell proliferation due, at least in part, to the local production of IGFT and IGF binding proteins (Ernst et al, 1989; Kasperk et al, 1989) . Thus, tissue concentrations of the growth factor within the growing antler may be modulated by the sex steroids to affect growth (Sempéré et al, 1989) . These observations are in agreement with the hypothesis developed from studies in male red deer (Lincoln, 1971 (Lincoln, , 1992 (Goss, 1963) , one prediction of the present study was that cessation of the treatment with oestradiol once the ovariectomized animals had hard antlers would induce casting of the antlers, as occurs in female reindeer at the time of ovariectomy (Lincoln and Tyler, 1994) and as occurs after castration in male reindeer (Hadwen and Palmer, 1922; Skjenneberg and Slagsvolt, 1968) and in other species (Wislocki et al, 1947; Waldo and Wislocki, 1951; Goss, 1963; Lincoln et al, 1972; Sempéré et al, 1989 reindeer to clean the antlers in winter partially or completely (Tandler and Grosz, 1913; Skjenneberg and Slagsvolt, 1968; Lincoln and Tyler, 1994) suggests that steroid hormones from other tissues, particularly the adrenal gland, may contribute to the regulation of the antler cycle (Bubenik et al, 1987) .
Androstenedione is present in the circulation of ovariectomized reindeer in winter, and acute stimulation of adrenal steroidogenesis provokes an increase in both androstenedione and testosterone secretion (Lincoln and Tyler, 1994) . Therefore, adrenal steroids may also influence the development and retention of the hard antlers.
The erosion surface at the base of the cast antlers from the oestradiol-treated and untreated ovariectomized reindeer was concave, and quite distinct from the flat or convex surface of antlers from intact controls. A concave casting surface is also a feature of antlers from long-term castrated male reindeer, and in males of other species that have been induced to cast prematurely by castration (Wislocki et al, 1947; Goss, 1963 
